The study of human evolution has been revolutionized by inferences from ancient DNA analyses. Key to these is the reliable estimation of the age of ancient specimens. The current best practice is radiocarbon dating, which relies on characterizing the decay of radioactive carbon isotope ( 14 C), and is applicable for dating up to 50,000-year-old samples. Here, we introduce a new genetic method that uses recombination clock for dating. The key idea is that an ancient genome has evolved less than the genomes of extant individuals. Thus, given a molecular clock provided by the steady accumulation of recombination events, one can infer the age of the ancient genome based on the number of missing years of evolution. To implement this idea, we take advantage of the shared history of Neanderthal gene flow into non-Africans that occurred around 50,000 years ago. Using the Neanderthal ancestry decay patterns, we estimate the Neanderthal admixture time for both ancient and extant samples. The difference in these admixture dates then provides an estimate of the age of the ancient genome. We show that our method provides reliable results in simulations. We apply our method to date five ancient Eurasian genomes with radiocarbon dates ranging between 12,000 to 45,000 years and recover consistent age estimates. Our method provides a complementary approach for dating ancient human samples and is applicable to ancient non-African genomes with Neanderthal ancestry. Extensions of this methodology that use older shared events may be able to date ancient genomes that fall beyond the radiocarbon frontier.
Introduction
Ancient DNA analyses have transformed research into human evolutionary history, providing an unprecedented opportunity to learn about genetic patterns present in the past (1). In order to properly interpret findings from an ancient sample, it is important to have an accurate estimate of the age of the specimen. The standard tool used for this purpose is radiocarbon dating, which relies on measuring the decay of radioactive carbon isotope 14 C over time, and is applicable for dating samples up to 50,000 years old (2) . This method is based on the principle that when a living organism dies, the existing amount of 14 C starts decaying at a constant rate, with a half-life of 5,730 ± 40 years (3, 4) . By measuring the ratio of 14 C to 12 C (stable form) in the sample and assuming that the starting ratio of carbon isotopes is the same everywhere in the biosphere, one can infer the age of the sample. A complication is that carbon isotope ratios vary between reservoirs (e.g. marine, freshwater, atmosphere) and over time (2, 5) . Thus, radiocarbon dates must be converted to calendar years using calibrations curves, which are constructed by dating materials with 14 C and alternate methods such as annual tree rings (dendrochronology) or Uranium-series dating of coral (2) . Such calibrations, however, may not fully capture the variation in atmospheric carbon at historical timescales. In addition, contamination of a sample by modern carbon, introduced during excavations or while dating, can bias the inferred dates (2) . Other methods such as stratigraphy, bone nitrogen and potassium-argon dating also exist; however these suffer from similar drawbacks, relying on calibration data that are often difficult to obtain (6) .
Here, we describe an alternative approach for dating ancient samples using genetic data, applicable in cases where DNA sequence data are available, as is becoming increasingly common (1). This method relies on the insight that an ancient genome has experienced fewer generations of evolution compared to the genomes of its living relatives. Since recombination occurs at a constant rate per generation, the accumulated number of recombination events provides a molecular clock for the time elapsed or in the case of an ancient sample, the number of missing generations since it ceased to evolve (7) . This idea is referred to as "branch shortening" and estimates based on branch shortening can be translated into absolute time in years by using an independent calibration point such as divergence time in years as well as an estimate of the average human generation interval, i.e., the mean age of reproduction.
Branch shortening has previously been used in wide-range of applications in genetics for dating phylogenies, inferring mutation rates, and improving inferences of population history in humans and other species (8) (9) (10) . The idea of using branch shortening to date ancient samples was first applied on a genome-wide scale by , who used the mutation clock (instead of the recombination clock as proposed here) to estimate the date of the Siberian Denisova finger bone, which is probably older than 50,000 years, and has not been successfully radiocarbon dated (11) . Specifically, these authors compared the sequence divergence between the Denisova and present-day human genomes, and calibrated the branch shortening relative to human-chimpanzee divergence time (11) . The use of ape divergence times as calibration point, however, relies on estimates of mutation rate that are uncertain. In particular, recent pedigree-based sequencing studies have yielded a mutation rate per year that is approximately two fold lower than the one obtained from phylogenetic methods (12, 13) . In addition, comparison to human-chimpanzee divergence time relies on branch shortening estimates that are very small relative to the total divergence of millions of years, so that small errors in mutation calling can bias estimates. This introduces substantial uncertainty in the estimates of the age of the ancient samples, making this approach impractical for dating samples that are only tens of thousands of years old, a time period that encompasses the vast majority of ancient human samples sequenced to date.
Given the challenges associated with the use of the mutation clock, here we explore the possibility of using the molecular clock based on the accumulation of crossover events (recombination clock). The crossover landscape in humans is well characterized and current genetic maps have high accuracy even at short distances (e.g. 10-50 Kb) (14) . In addition, instead of using a distant outgroup such as chimpanzees, we rely on a more recent shared event that has affected both extant and ancient modern humans and hence a more reliable fixed point on which to base the dating. As the vast majority of ancient samples sequenced to date were discovered in Eurasia (with estimated ages: ~2,000-45,000 years before present (yr BP)), post-date the Neanderthal admixture, and show evidence of admixture with Neanderthals between 37,000-86,000 yr BP, we use the Neanderthal gene flow as the shared event (15, 16) .
To estimate the age of the ancient genome, we first estimate the dates of Neanderthal gene flow in ancient and extant genomes. Because the ancient sample is closer to the shared Neanderthal admixture event (due to branch shortening), we should obtain more recent dates of Neanderthal admixture in ancient samples compared to extant samples. The difference in the inferred dates is thus informative about the age of the ancient genome. An illustrative model is shown in Figure 1 . We note that an implicit assumption here is that the Neanderthal admixture into the ancestors of modern human occurred approximately at the same time, and the same interbreeding events contributed to the ancestry of all the non-African samples being compared. This method is thus not applicable for dating genomes that do have a history of Neanderthal ancestry, such as sub-Saharan African genomes.
To date the Neanderthal gene flow, we use the insight that gene flow between genetically distinct populations, such as Neanderthals and modern humans, creates correlation in ancestry across the genome that breaks downs at a constant rate per generation as crossovers occur (17) (18) (19) . Thus, by jointly modeling the decay of Neanderthal ancestry and recombination rates across the genome, we can estimate the date of Neanderthal gene flow (17) . Similar ideas have been previously used to date admixture events between contemporary human populations (18) (19) (20) as well as between Eurasians and Neanderthals (16, 21) . Using an estimate of the human generation time, we then convert the branch-shortening estimate in generations into the age of the ancient genome in years. This method is applicable for dating ancient samples that are more recent than the Neanderthal admixture and thus applicable over the same time range as 14 C dating.
An important feature of our method is that it is expected to give more precise results for samples that are older, as the older samples are closer to the date of Neanderthal introgression which we use for calibration, making it easier to accurately date the Neanderthal admixture. Also the magnitude of difference in Neanderthal dates between the extant and ancient samples increases as the sample becomes older, and therefore the estimated age is expected to become more precise for older samples. Thus, unlike 14 C dating, the genetic approach becomes more reliable with age and in that regard complements 14 C dating.
Results

Model and simulations
To estimate the age of ancient genomes that have Neanderthal ancestry, we developed a new method that estimates the date of Neanderthal gene flow in ancient and extant genomes first and then quantifies the difference in dates to infer the age of the ancient genome. Most current methods require multiple genomes sampled from the target population and are not applicable for dating admixture in a single diploid genome (as required here for dating ancient genomes). Thus, we took advantage of our recently developed method described in Fu et al. 2014 that computes the ancestry covariance across sites in a single diploid genome to date the Neanderthal introgression in ancient genomes (rather than the admixture related allelic correlation i.e., admixture linkage disequilibrium (LD) used by the population-based methods) (21) . Specifically, this method measures the extent of covariance across pairs of markers of putative Neanderthal ancestry, i.e. sites where Neanderthals carry at least one derived allele (relative to the chimpanzees) and all individuals in a panel of sub-Saharan Africans (which have little or no evidence of Neanderthal ancestry (22) ) carry the ancestral allele (21) . We choose this ascertainment because it minimizes the signal of background correlation, while amplifying the signal of Neanderthal ancestry (16) . This statistic (referred to as the single-sample statistic henceforth) is expected to decay approximately exponentially with genetic distance and the rate of decay should be informative of the time of gene flow (21) . Assuming the gene flow occurred as a single event and fitting a single exponential to the decay pattern, we estimated the date of the Neanderthal gene flow in the target genome. Violations of this assumption can lead to inaccurate dates, and we revisit this later with examples from real data.
To test the accuracy and precision of our Neanderthal dating strategy, we performed coalescent simulations by constructing genomes of Neanderthals, west Africans and Eurasians, with Eurasians deriving 3% of their ancestry from Neanderthal gene flow (16) and the time of gene flow set to values between 100-2,500 generations ago which includes most of the time-depths relevant to our application. Parameters of the simulations were chosen such that population differentiation (F ST ) between west Africans and Eurasians and the D-statistic between west Africans, Eurasians and Neanderthals (D(Y, E; N)) matched estimates from real data (16) (Supplementary note S1a). Our simulation results showed that the estimated dates of Neanderthal gene flow were unbiased when the admixture occurred between 100-1,500 generations ago. However, for dates ≥2000 generations ago, our method underestimated the true dates. Complex demographic events could also lead to a bias in case of older admixtures. Notably, in cases when the population has a history of bottlenecks or expansion events, the inference based on the single-sample statistic was found to be downward-biased for older dates of admixture (≥ 2,500 generations ago) (21) . In contrast, even under these complex scenarios, no bias was observed for ancient samples for which the dates of Neanderthal introgression occurred more recently than 1,500 generations ago (21) .
To overcome the bias observed at older dates of Neanderthal admixture as expected in extant samples, we applied the admixture LD statistic from (16) (referred to as population-sample statistic). Because the population-sample statistic computes covariance across each pair of markers, it requires data from more than one diploid genome and hence is not applicable to single ancient genomes. Hence, we restricted our analysis with the single-sample statistic to ancient genomes where dates of Neanderthal gene flow were expected to be less than 1,500 generations. We verified via simulations that the application of the population-sample statistic removes the bias observed in (21) and that together these statistics provide accurate estimates (Supplementary note S1b).
To access the utility of our method for estimating the age of ancient genomes (and not just dating Neanderthal gene flow), we simulated data for Neanderthals, west Robustness to how genotypes were determined: For most of our ancient samples, we did not have sufficient coverage to make reliable diploid calls. Instead, we used pseudodiploid calls based on the majority allele observed in reads for each sample at each site (see Methods). To verify the robustness of our inferences, we repeated our analysis with pseudo-diploid calls where we sampled a random allele seen in the reads mapped to each site in each sample (pseudo-diploid (random)). In addition, for our high coverage Ust'-Ishim genome, we compared inferences based on diploid and pseudo-diploid calls (both majority and random sampling). For all ancient genomes, the dates were consistent across different genotype calling approaches (Table S6, Figure S2 ). These results also highlight a strength of our method: that it works well even using pseudodiploid calls and for samples with low coverage (such as Mal'ta with an average coverage of 1.0x).
Robustness to the way markers were selected: To study the effect of marker ascertainment, we analyzed data for additional marker selection schemes shown to be informative for dating Neanderthal ancestry in (16) . As previous studies have shown that Luhya have some recent West Eurasian ancestry (~2.4%) (34) , which could affect the dating, we explored an ascertainment of selecting markers only using YRI and Altai Neanderthals (similar to ascertainment used for Oase). The alternative ascertainment schemes considered were ones in which:
(Ascertainment 0) This is presented in the previous section, and is the main ascertainment we use in the study (Figure 2 , Table 1 ). This ascertainment focuses on sites where Neanderthals carry at least one derived allele and all individuals in a panel of sub-Saharan Africans (1000 genomes YRI and LWK) carry the ancestral allele.
(Ascertainment 1) Altai Neanderthal carries the derived allele, Africans (1000 genomes YRI and LWK) carry the ancestral allele, and Eurasians (1000 genomes CEU) are polymorphic.
(Ascertainment 2) Altai Neanderthal carries the derived allele and Eurasians (1000 genomes CEU) are polymorphic and have derived allele frequency of less than 20%. Our threshold is higher than the 10% used in (16) . The 20% threshold provides more markers (thus improved precision) and is still informative for Neanderthal ancestry (16) .
(Ascertainment 3) Altai Neanderthal carries the derived allele and Africans (1000 genomes YRI) carry the ancestral allele.
The age estimates based on different ascertainments remain consistent for all four ancient genomes and are similar to the radiocarbon dates (Table S7 ). However, ascertainments 1 and 2 are not symmetric with regard to ancient and extant genomes (extant Eurasians were used for selecting markers while ancient samples were excluded due to their low coverage). This asymmetry could in theory lead to a bias in case the two populations do not share the same admixture history. Thus, ascertainment 3 and ascertainment 0 seem preferable on first principles.
Robustness to the genetic map used:
A central assumption of our method is that recombination has not changed over time and across populations. Recombination rates, however, are known to have evolved over the course of human evolution evidenced by the observation that the alleles of PRDM9, that are the major determinant of recombination hotspots in humans, are changing rapidly (35, 36) . Present-day human hotspots appear to have been active for ~10% of time since divergence from chimpanzees (~650,000-1.3 million years) (37) , suggesting that our assumption is likely valid over the time scale of interest here. Nonetheless, some variation in hotspot usage is known to exist across human populations that split ~50,000-100,000 years ago (14, 35, 38) . Ideally, then, our analysis should be based on a map generated separately for each population. Because such data are unavailable and unlikely to become available for ancient samples, we verified that our inferences are robust to the choice of existing map by repeating the analysis with an African-American map (14) that includes historical hotspots in Africans as well as shared hotspots between Africans and Europeans, and the Oxford CEU LD map (39) that reflects historical recombination rates over tens of thousands of years. We estimated that the map precision ( ) for these maps as 2,802 ± 14 and 2,620 ± 9 respectively (see Methods), suggesting that these maps are less reliable than the S map. This is also reflected in the fact that there is a fair amount of variation in dates across maps. Nonetheless, the age estimates based on the three different maps are consistent (Table S8) .
Biases due to natural selection:
Previous studies have shown that Neanderthal ancestry varies across chromosomes, with unexpectedly large regions devoid of any Neanderthal ancestry, implying a role for natural selection in removing Neanderthal derived alleles from the modern human gene pool (40, 41) . In addition, it has been observed that Neanderthal ancestry proportion across the genome is correlated to the B-statistic, a measure of the strength of background selection (40, 42) . The B-statistic or B-score measures the reduction in diversity levels at a site due to purifying selection at linked sites, relative to what is expected under strict neutrality (42, 43) . We investigated the possibility that natural selection biases our age estimates in two ways: (a) by removing all ascertained markers in regions that are direct targets of natural selection, including conserved elements across primates or coding regions in humans (44) , and (b) by studying the variation in estimated ages as a function of the B-score by performing a Block Jackknife analysis (45) . We divide the genome in deciles of B-scores as estimated based on the statistic described in (42) . Next, we estimated the dates of Neanderthal admixture removing all ascertained markers with a particular B-score and studied the variation in age estimates. In both cases, we found that within the limits of our resolution, the effects of selection on the age estimates was negligible, as the age estimates were consistent after removing putative targets of selection (Table S9 ) and the Spearman's correlation between B-statistic and age estimates for all four ancient genomes was not significant (p < 0.05) ( Figure S4 ).
Discussion
We have developed a novel genetic approach for dating ancient human samples that is applicable for dating ancient non-African genomes that share a history of Neanderthal admixture with extant non-Africans, in the time range of 10,000-45,000 years before present. This method uses the recombination clock as a tool for dating. By characterizing the dates of Neanderthal gene flow in ancient and extant genomes and quantifying the difference in the dates, we infer the age of the ancient genome. Using simulations (Table S5 ) and real data (Table 1) , we show that our method provides reliable age estimates and is applicable for dating low coverage samples such as Mal'ta (average coverage = 1.0x) and Kostenki (average coverage = 2.8x). Further, we find that our inference is robust to marker selection, genetic map errors and natural selection.
Our genetic age estimates take into account a number of sources of uncertainty, including the dates of Neanderthal gene flow, genetic map and generation time.
Statistic for dating Neanderthal admixture:
To date Neanderthal mixture, we first ascertained markers that were informative for Neanderthal ancestry. Unless otherwise stated, we used ascertainment 0 where the Altai Neanderthal carries at least one derived allele and 1000 genomes Yoruba and Luhya samples are fixed for the ancestral allele. We did not consider other African populations such as Maasai present in the 1000 Genomes dataset, as recent studies have shown this group has recent ancestry from West Eurasians (34) . Moreover, to reduce the effect of sequencing errors, we only considered variant sites where at least one derived allele has been observed among individuals included in the 1000 Genomes Project (except for YRI and LWK). All samples included in the analysis had less than 35% missing data for ascertained markers.
To date Neanderthal admixture in the ancient genomes (Clovis, Mal'ta, Kostenki, Ust'-Ishim and Oase), we used the single-sample statistic and for the extant samples (i.e., the 1000 Genomes CEU), we applied the population-sample statistic (16) . Unless otherwise stated, genetic distances were based on the shared African American map (referred to as 'S' map in (14) ).
(a) Single-sample statistic
For all pairs of ascertained markers, = , ,we computed , which measures the covariance between genotypes at markers (i, j) that are at distance Morgans apart. We ignored markers with missing data.
where !" , !" are genotypes at , markers respectively. To estimate the time of mixture ( ), we fitted an exponential distribution with affine ( ( ) = !!" + ) using least squares for genetic distance ( ) in the range of 0.02 to 1cM in increments of 0.001cM (unless otherwise specified). Because the output based on a single genome is very noisy, the affine term is helpful in capturing some of the noise and is not expected to bias the result.
For Ust'-Ishim, we observed that the intercept at 1cM is substantially greater than 0, hence we also ran the analysis to longer genetic distances, in the range of 0.02 to 10cM in increments of 0.001cM. To estimate the dates of Neanderthal admixture, we tried two models: single exponential ( ( ) = !!" + ) and double exponential (
For Oase, based on the recommendation in (32), we ran our single-sample statistic for genetic distance range of 0.02 to 65cM. As the Neanderthal ancestry blocks are longer in this sample, we used a larger bin size of 0.1cM, which aids in visualization. We note that dates for different bin sizes between 0.001-1cM were consistent ( Figure S5 ). As this sample has a history of multiple Neanderthal gene flow events, we tried two models: single exponential and double exponentials to estimates dates of Neanderthal gene flow.
(b) Population-sample statistic
For extant populations for which we had access to many individuals, we applied the population-sample statistic described in (16) to estimate the dates of Neanderthal admixture. For all pairs for ascertained markers ( ( ) ) at genetic distance , we computed the statistic:
where ( , ) denotes the standard signed measure of linkage disequilibrium, , at the markers , (17) . To estimate the time of mixture ( ), we fitted an exponential distribution ( ( ) = !!" ) to this summary statistic using least squares with ranging from 0.02 to 1cM in increments of 0.001cM.
Figures
Figure 1: The model underlying our inference of the age of ancient genomes. We assume a simple demographic history relating Neanderthals, non-Africans and Africans. Neanderthal gene flow into non-African ancestors occurred t n generations ago. This event was shared among all non-Africans and did not affect Africans. The ancient non-African genome was sampled at time t c . To estimate the age of the ancient genome, we first estimate the dates of Neanderthal gene flow in ancient genomes ( !" ) and extant genomes ( !" ). The difference in the inferred dates provides an estimate of the age of the ancient sample ( ! ). . Estimated ages of the ancient genome (mean ± SE) shown in the title. For Ust'-Ishim, we show two plots: (A) results based on single exponential fit up to the genetic distance of 1cM, (B) results based on single exponential fit up to the genetic distance of 10cM. For Oase, we show results based on single exponential fit up to the genetic distance of 65cM and bin size of 0.1cM. For Oase, we do not show CEU as the analysis was based on a different bin size and maximum distance. 
Clovis: 17,779 ± 2402 years
Genetic Distance (cM)
CEU: 46,497 ± 1981 years Clovis: 28,718 ± 1359 years 
Mal'ta: 24,548 ± 2272 years
CEU: 46,497 ± 1981 years Mal'ta: 21,949 ± 1113 years 
Kostenki: 40,544 ± 2026 years
Genetic Distance (cM) 
(A) Ust'−Ishim: 39,090 ± 2078 years
CEU: 46,497 ± 1981 years Ust'−Ishim: 7,407 ± 629 years 
(B) Ust'−Ishim: 43,872 ± 1799 years
Genetic Distance (cM) Note: Markers were selected based on ascertainment 0, the genetic distances were based on the S map, and the genetic correction was based on deCODE data (see Methods). a-d Ust'-Ishim -we tried different models for Ust'-Ishim dating (see results and 
Supplementary Material
Note S1: Simulations
To assess the performance of our method, we performed coalescent simulations for various demographic scenarios. For all simulations described below, we used the coalescent simulator ms (53) to generate data for 50 regions of 50 Mb each for Eurasians, west Africans and Neanderthals with the following parameters. These parameters were chosen to match the F ST (west Africans, Eurasians) and D(west Africans, Eurasians; Neanderthals) observed in real data (Table S1 ).
• (
1) Date of Neanderthal admixture in Eurasians varying in all extant individuals between 100-2,500 generations ago
We simulated data using ms for 44 haploid genomes: 20 Eurasians, 20 west Africans, and four Neanderthals. We simulated data under a simple demographic model with gene flow from Neanderthals into Eurasians that occurred instantaneously at varying times of mixture (100-2,500 generations ago). We sampled Neanderthals 2,000 generations ago; to achieve this, we set the effective population size to be very small (order of 10 -6 ) and the sample size of Neanderthals to one chromosome during the time period of 0-2,000 generations. This has the effect of leading to a negligible rate of recombination and mutation during this interval. In addition, to remove all the mutations that occurred during this period, we simulated two chromosomes with similar history and removed any sites that were not shared between these chromosomes. We combined two haploid chromosomes at random to generate 22 diploid chromosomes.
The ms command line is as follows: Here, pop1 = west Africans, pop2 = Eurasians, pop3 = Neanderthals and t n = time of Neanderthal gene flow (between 500 -2,500 generations). Estimated F ST and Dstatistics for each simulation are shown in Table S1 . Note: Y= West Africans, E= Eurasians and N = Neanderthals. We computed FST(Y, E) using smartpca (54) and we computed D-statistics used ADMIXTOOLS (55) . Here, we need an outgroup as we have the ancestral allele in simulations.
To date the Neanderthal gene flow in each simulated Eurasian, we ascertained Neanderthal informative markers based on the ascertainment scheme where Neanderthals carry the derived allele and west Africans are fixed for the ancestral allele. We applied the single-sample statistic (see Methods) to all pairs of ascertained markers. We fitted a single exponential distribution to estimate the date of the Neanderthal gene flow. To compute standard errors, we used a weighted block jackknife procedure (45) , removing one region (50MB) in each run to estimate the variability in the estimated dates across the genome. Figure S1 shows the results of the simulation. For dates between 100-1,500 generations, we obtained accurate and precise dates of mixture. However, for dates ≥2000 generations, we observed a downward bias in the estimated dates and decreased precision.
Next, we applied the population-sample statistic (see Methods) to date the Neanderthal admixture in Eurasians. For each date of mixture, we ran the population-sample statistic on five random simulated diploid individuals. For all timedepths, we obtained relatively unbiased dates of mixture ( Figure S1 ). Detailed parameters for the simulations are described in (21) . We note that the observed F ST between west Africans and Eurasians and D-statistics in this simulation are more extreme than observed in real data, likely because some of the parameters (such as bottleneck time and strength) are more extreme than realistic (Table S2 ). To estimate the date of Neanderthal gene flow, we applied the single-sample and population-sample statistic to all pairs of ascertained markers. We estimated the dates of Neanderthal admixture by fitting exponential distributions to each of the outputs of the two statistics. Standard errors were computed using a weighted Block Jackknife as described above. Table S3 shows the results of the simulations. While the dates of the Neanderthal admixture based on the single-sample statistic are downward biased, the dates based on the population-sample statistic are accurate. 
(3) Estimating the age of ancient genomes using the Neanderthal ancestry signal
To verify the reliability of our inference method for estimating the age of an ancient sample, we performed coalescent simulations where we sampled ancient Eurasians at some time in the past (between 500-1,750 generations ago). We simulated these samples in the same way as we simulated Neanderthals, so the sample consists of one chromosome between the present and sampling time. Ancient Eurasians and extant Eurasians share the gene flow from Neanderthals that occurred 2,000 generations ago. The observed F ST and D are as shown in Table S4 . To estimate the age of the ancient genome, we first estimated the dates of Neanderthal admixture in ancient genomes (using the single-sample statistic) and extant genomes (using the population-sample statistic). The difference in the Neanderthal gene flow dates provides an estimate of the age of the ancient genome. Standard errors were computed using weighted Block Jackknife as described above. The inference procedure based on using the two statistics provides reliable dates for the age of the ancient genomes (Table S5 ). Note: Markers were selected based on ascertainment 0, the genetic distances were based on the S map, and the genetic correction was based on data from (23) (see Methods). n/a -indicates that the coverage is not sufficient to make reliable diploid calls. Ust'-Ishim dates are based on the model of a single exponential fitted to genetic distance of up to 10cM. Note: * indicates the approach used in main text. We used ascertainment 0 described in the Methods. Pedigree based maps from deCODE were not used as our genetic map correction is based on these data. Ust'-Ishim dates are based on the model of single exponential fitted to genetic distance of up to 10cM. 
Pseudo−diploid (random): 43,821 ± 1984 years
